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ABSTRACT
Understanding how pathogenic bacteria sense and respond to environmental signals, including those
involved in triggering virulence gene expression, is a fundamental biological goal. It is now known that
the two-component regulatory system LisRK has a novel role in osmosensing and osmoregulation in the
intracellular foodborne pathogen Listeria monocytogenes. Furthermore, htrA, a gene linked to osmotol-
erance and virulence potential in L. monocytogenes, is now known to be under the transcriptional control
of LisRK.
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The most important functionality attributes of the
intracellular pathogen Listeria monocytogenes lie in
its ability to survive and grow in foods and cause
disease in humans. Both attributes depend on the
ability of the organism to sense and respond in an
apposite manner to changes in its environment. A
link has been demonstrated in a number of
pathogenic bacteria between the ability to sense
variations in environmental conditions and viru-
lence potential. This has been shown in some
instances to result from the sensing and regula-
tory activities of two-component signal transduc-
tion systems (2CS). One of the best characterised
examples is the PhoPQ system of Salmonella
enterica Typhimurium, which regulates a number
of virulence factors in response to phosphate ⁄ car-
bon starvation, acid stress, survival in macroph-
ages and Mg2+ concentrations. Other examples
include BvgAS (Bordetella pertussis), ToxRS (Vibrio
cholerae), EnvZ ⁄OmpR (Salmonella and Escherichia
coli) and AgrAC (Staphylococcus aureus), all of
which regulate virulence gene expression in
response to environmental conditions. A typical
2CS consists of a membrane-associated histidine
kinase, which monitors a specific environmental
parameter, and a cytoplasmic response regulator,
which enables the cell to respond, often via
regulation of gene expression, when this param-
eter is altered.
Previous work has resulted in the identification
of LisRK, a 2CS that plays a role in stress-sensing
and the virulence potential of L. monocytogenes [1].
A mutant strain, LO28DlisK, created by in-situ
deletion of 498 bp within the lisK gene, which
encodes the membrane-bound sensory kinase,
displays a growth phase-dependent response to
acidic conditions [1]. In addition, LisRK appears
to be involved in the ability of the pathogen to
tolerate important antimicrobial agents used in
food and medicine, e.g., nisin and the cephalosp-
orin family of antibiotics [2]. Furthermore, LisRK
is unique in that it is the first 2CS identified
in Listeria that has a demonstrable role in the
virulence of the organism, with the mutant strain
LO28DlisK being approximately ten-fold less viru-
lent than the parent wild-type strain [1]. A
previously unknown role for LisRK in regulating
listerial osmotolerance has now been identified.
Furthermore, a LisR-regulated locus, htrA, was
identified which is involved in growth at elevated
osmolarities [3] and in contributing to listerial
virulence potential [4].
Disruption of LisK resulted in a significant
reduction in the ability of L. monocytogenes to
tolerate environments of elevated osmolarity
(Fig. 1). This is a particularly interesting phenom-
enon given that the characteristic salt tolerance
phenotype associated with Listeria has been
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linked to the ability of the organism to survive in
foods and cause infection [5]. Interestingly, Lis-
RK-mediated listerial osmotolerance appears to
function independently of either the primary or
secondary response to elevated osmolarity, invol-
ving the uptake of K+ followed by the accumu-
lation of the compatible solutes betaine and
carnitine (data not shown). While compatible
solute uptake remains the best understood mech-
anism of listerial osmoregulation, a number of
osmotolerance-related genes that have no appar-
ent involvement in compatible solute uptake or
synthesis have been described [6], thus revealing
a new and interesting facet of the listerial salt
stress response.
One system in particular, HtrA, has been
reported [3] to be essential for optimal growth
under conditions of salt stress in L. monocytogenes.
In addition to its role as a stress-response protein,
HtrA contributes significantly to the virulence
potential of a number of pathogenic bacteria [4,7].
Furthermore, HtrA, which is an important viru-
lence factor in Streptococcus pneumoniae, is under
the transcriptional control of the 2CS CiaR ⁄H [8].
Given that pleotropic effects caused by cia muta-
tions in the pneumococcus include sensitivity to
cefotaxime, a phenotype also shared with LisK
mutants of L. monocytogenes, it seemed plausible
that at least some of the genetic components of
both regulons might be shared. In particular,
HtrA, which exhibits a salt-sensitive phenotype
[3] and virulence defect [4] similar to that
observed for LO28DlisK, seemed a likely candi-
date. In support of this hypothesis, htrA was
found to be transcriptionally down-regulated
when expressed in the absence of a functional
LisK protein (Fig. 2). Furthermore, this phenom-
enon is reversed when the native htrA promoter
elements are replaced by a constitutive promoter
(in this case the lactococcal P44 promoter in
pNZ44 [9]), thereby removing the regulatory
control of LisRK (Fig. 2). This ‘genetic rewiring’
goes some way to alleviating the salt-sensitive
phenotype observed for LO28DlisK (Fig. 1). How-
ever, the pNZ44htrA-complemented strain still
remains significantly more salt-sensitive than the
wild-type, suggesting that, apart from HtrA,
LisRK probably controls one or more additional
systems necessary for optimal listerial osmotoler-
ance.
Given that it is the early stages of growth
which are affected most significantly, it appears
that LisRK may act at the initial stages of the
listerial salt stress-response, with LisK possibly
functioning as the primary sensor and LisR (and
its genetic targets, e.g., htrA) as the primary
respondent(s) to elevated osmolarity. LisRK may
thus represent a new dimension in the osmo-
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Fig. 1. Growth in brain–heart infusion (BHI) broth sup-
plemented with NaCl 8% w ⁄ v. LO28 wild-type (solid
circles), LO28DlisK (open circles) and LO28DlisK::P44htrA
(LO28DlisK harbouring pNZ44htrA, which expresses a
promoterless copy of htrA under the transcriptional control
of the constitutive Lactococcus lactis promoter P44) (solid
triangles). Following inoculation (2% v ⁄ v) with an over-
night culture, OD595 readings were taken every hour for
40 h using a microplate reader. Each point represents the
mean of three independent experiments. Results were
verified by plate counts.
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Fig. 2. Transcriptional analysis of htrA using reverse-
transcriptase PCR. Total RNA was extracted from station-
ary-phase cultures of LO28 wild-type, LO28DlisK and
LO28Dlisk::P44htrA. RNA was converted to cDNA and
PCR was performed using the htrA-specific primers HtrAR
and HtrA-out [4]. Products generated after 15 PCR cycles
are shown. In all cases, control PCRs using the rrn primers
U141 and L142 [10] were used to confirm that cDNA levels
of samples to be compared were equal.
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sensing and osmoregulatory capabilities of
L. monocytogenes, functioning independently of,
but in tandem with, compatible solute uptake ⁄
synthesis.
Understanding how and when pathogenic bac-
teria sense and respond to environmental signals,
including those, such as LisRK, involved in
triggering virulence gene expression, is a funda-
mental biological goal. The ability to interfere
with this complex bacterium–host signalling
interaction will provide a potential target for
antimicrobial strategies that may help to reduce
the high fatality rate (c. 23%) associated with
L. monocytogenes. The unravelling of the signals
involved (such as elevated osmolarity), and iden-
tification of the genes that respond to LisRK (e.g.,
htrA), will provide further valuable information
regarding the stress-sensing, signalling and viru-
lence capabilities of this important pathogen, and
may lead ultimately to the design of effective
control measures, both in foods before ingestion
and, subsequently, within the host.
ACKNOWLEDGEMENTS
R. D. Sleator was the recipient of the 2004 joint ESCMID-FEMS
Research Fellowship and is an Embark postdoctoral fellow.
REFERENCES
1. Cotter PD, Emerson N, Gahan CGM, Hill C. Identification
and disruption of lisRK, a genetic locus encoding a two-
component signal transduction system involved in stress
tolerance and virulence in Listeria monocytogenes. J Bacteriol
1999; 181: 6840–6843.
2. Cotter PD, Guinane C, Hill C. The LisRK signal trans-
duction system determines the sensitivity of Listeria
monocytogenes to nisin and cephalosporins. Antimicrob
Agents Chemother 2002; 46: 2784–2790.
3. Wonderling LD, Wilkinson BJ, Bayles DO. The htrA (degP)
gene of Listeria monocytogenes 10403S is essential for opti-
mal growth under stress conditions. Appl Environ Microbiol
2004; 70: 1935–1943.
4. Stack H, Sleator RD, Bowers M, Hill C, Gahan GGM. HtrA;
stress induction and virulence potential in Listeria mono-
cytogenes. Appl Environl Microbiol (in press).
5. Sleator RD, Francis GA, O’Beirne D, Gahan CGM, Hill C.
Betaine and carnitine uptake systems in Listeria monocyto-
genes affect growth and survival in foods and during
infection. J Appl Microbiol 2003; 95: 839–846.
6. Sleator RD, Gahan CGM, Hill C. A postgenomic appraisal
of osmotolerance in Listeria monocytogenes. Appl Environ
Microbiol 2003; 69: 1–9.
7. Jones CH, Bolken TC, Jones KF, Zeller GO, Hruby DE.
Conserved DegP protease in Gram-positive bacteria is
essential for thermal and oxidative tolerance and full
virulence in Streptococcus pyogenes. Infect Immun 2001; 69:
5538–5545.
8. Ibrahim YM, Kerr AR, McCluskey J, Mitchell TJ. Control of
virulence by the two-component system CiaR ⁄H is medi-
ated via HtrA, a major virulence factor of Streptococcus
pneumoniae. J Bacteriol 2004; 186: 5258–5266.
9. McGrath S, Fitzgerald GF, van Sinderen D. Improvement
and optimization of two engineered phage resistance
mechanisms in Lactococcus lactis. Appl Environ Microbiol
2001; 67: 608–616.
10. Dussurget O, Cabanes D, Dehoux P et al. Listeria monocy-
togenes bile salt hydrolase is a prfA-regulated virulence
factor involved in the intestinal and hepatic phases of
listeriosis. Mol Microbiol 2002; 45: 1095–1106.
Sleator and Hill LisRK two-component regulatory system 601
 2005 Copyright by the European Society of Clinical Microbiology and Infectious Diseases, CMI, 11, 599–601
